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I. INTRODUCTION
GaN heterostructure field-effect transistors ͑HFETs͒ are expected to become key electrical devices in the near future because of their excellent high-power and high-frequency device performance. One of the unique and attractive electrical properties of AlGaN/GaN HFETs is an extremely highdensity two-dimensional electron gas ͑2DEG͒ ͑over 1 ϫ 10 13 cm −2 ͒, which is naturally formed at the heterointerface without any doping. The difference of polarization charges between AlGaN and GaN results in accumulation of electrons at the interface. 1 According to previous studies, the electrons that form the 2DEG are provided by donors on the AlGaN surface. [2] [3] [4] Aside from these basic observations, many issues related to the 2DEG formation remain to be investigated. Therefore, systematic studies are necessary not only to expand the field of applications and improve the reliability of GaN devices but also to develop devices based on new concepts.
The energy-level distribution of donor states on the surface of group-III nitride semiconductors is one of the primary issues to be investigated. A model based on single-level high-density surface donor states has been widely applied to AlGaN/GaN heterostructures for explaining the experimentally observed dependence of the 2DEG density on AlGaN barrier thickness ͑d AlGaN ͒. [1] [2] [3] [4] As a result, the Fermi level is pinned at the donor level, and the surface barrier height ͑e B ͒ is constant and independent of d AlGaN above the critical thickness ͑i.e., the thickness above which a 2DEG starts to form͒. In contrast, another model has proposed the existence of a distribution of low-density donor states. 5 Within this model, the density of surface states is too low to pin the Fermi level, and e B should proportionally increase with d AlGaN due to the internal polarization field. With increasing d AlGaN , more electrons are transferred from surface donor states to the 2DEG, leading to a lowering of the Fermi level with respect to the AlGaN conduction-band minimum ͑CBM͒ and hence an increase in e B . Both of the models have been found to be in agreement with separate sets of experimental data; the nature of the differences between these two distinct types of behavior remains to be clarified.
In addition, from a technical point of view, information about the etched AlGaN surface is useful and important. Gate recess etching has become a common process step for GaN HFETs due to benefits such as enhancement-mode operation, improvement in breakdown voltage, keeping high aspect ratio for highly-scaled devices, and solving dc-rf dispersion issues. [6] [7] [8] [9] The etched AlGaN surface and recessed side walls are among the most crucial parts of AlGaN/GaN HFETs since they are in a high electric field region next to the gate metal during device operation. In spite of the importance of the topic, studies of electrical properties of etched surfaces of AlGaN/GaN HFETs have not been performed to date.
In this work, we have systematically studied the relation between electron density ͑n s ͒ and d AlGaN for AlGaN/GaN heterostructures with three different Al compositions. A distinguishing feature of our work is that the d AlGaN was con-trolled not by growth sequence but by low-power reactive ion etching ͑RIE͒. We have also performed first-principles calculations that elucidate the nature of the donor states on oxidized AlGaN surfaces. Based on the experimental data and the first-principles calculations, we discuss the effect of oxidation conditions on the density and distribution of AlGaN surface donor states.
II. EXPERIMENTAL PROCEDURE
We used three kinds of AlGaN/GaN single heterostructures grown on 2 in. sapphire substrates by metal organic chemical vapor deposition ͑MOCVD͒. The epitaxial structures consisted of 1 m thick Fe-doped GaN, 2 m thick unintentionally-doped GaN and AlGaN barrier layers from bottom to top. The Al compositions of the AlGaN layers were 19%, 24%, and 29%, respectively. The thicknesses were 24 nm, 25 nm, and 25 nm for the Al compositions, respectively. These values were calibrated with -2 x-ray diffraction profiles and simulation curves.
Van der Pauw Hall patterns with a 1 ϫ 1 mm 2 were fabricated using the following procedure. The 2 in. epitaxial wafers were cut into quarters by a dicing saw. The epitaxial layers were then etched down to the GaN for mesa isolation with a depth of 200 nm by Cl-based RIE. Alloyed Ohmic electrodes were fabricated with Ti/Al/Ni/Au by rapid thermal annealing ͑RTA͒ at 870°C for 30 s in an N 2 gas atmosphere. Typical contact resistance was 0.5-0.7 ⍀ mm. Next, the AlGaN barrier of the Hall square was etched by low-power RIE to control its thickness. The conditions were the same as the ones for gate recess etching used for high-power and/or highly-scaled devices. [7] [8] [9] First, the thin native oxide covering the AlGaN surface was removed by BCl 3 RIE for 100 s. The BCl 3 gas flow rate, chamber pressure, and rf injection power were 10 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒, 10 mT, and 15 W, respectively. We have confirmed that this condition only etches surface oxides since the AlGaN etching rate is negligible small. 10 Next, controlled etching of the AlGaN barrier was performed by using BCl 3 ͑20 SCCM͒ / Cl 2 ͑5 SCCM͒ mixture gas at a pressure of 10 mT with an rf power of 15 W. These conditions corresponded to an AlGaN etching rate of 1.1 Å/s, which was almost the same for all the Al compositions in this work. 10 The etching depths were also confirmed by atomic force microscopy ͑AFM͒ on some dies on the samples. They were well controlled and proportional to the etching time due to the stable etching rate. Hall patterns with seven different d AlGaN were fabricated on each wafer, which were 3, 5, 7, 9, 12, 17, and 24 nm for the sample with an Al composition of 19% and 4, 6, 8, 10, 13, 18, and 25 nm for the ones with Al compositions of 24% and 29%. The dies with each d AlGaN were randomly arrayed on the quarter wafer and two or three patterns were fabricated for each d AlGaN to minimize data errors in the growth and device process. Figure 1͑a͒ shows AlGaN surface morphologies of the sample with an Al composition of 19% before and after the 21 nm deep AlGaN RIE, which were observed by AFM. For all the Al compositions and etching depths, atomic steps were observed on the surfaces. Even after the 21 nm deep etching, which corresponded to the deepest one, atomic steps were still clearly observed on the surface as the one before etching. 
III. EXPERIMENTAL RESULTS
where e is the electron charge, AlGaN is the polarization charge of AlGaN, GaN is the polarization charge of GaN, ⑀ 0 is the vacuum permittivity, ⑀ is the relative dielectric constant for AlGaN, e B is the surface barrier height of AlGaN, ⌬E F is the Fermi level with respect to the GaN CBM, and ⌬E c is the conduction-band offset between AlGaN and GaN. The parameters used in the calculation are summarized in Table I . 12, 13 The ⌬E c was set at 65% of the total difference in band gap between AlGaN and GaN. On the right-hand side of Eq. ͑1͒, all parameters except for e B and ⌬E F are constant and independent of d AlGaN , provided it is less than the critical thickness at which lattice relaxation occurs. ⌬E F is linked with n s ; therefore, e B is left as the only fitting parameter that determines n s .
For all three Al compositions, n s monotonically increases with d AlGaN IV and V, we will discuss that this indicates the existence of low-density and distributed surface donor states. It should be noted that the surface donor densities, which are given by the slopes of the relation between e B and n s , are estimated to be 4 -6 ϫ 10 12 cm −2 eV −1 for all the Al compositions.
IV. COMPUTATIONAL RESULTS
To address the relation between the distribution of surface donor states and the condition of the AlGaN surface, we performed first-principles calculations based on density functional theory. We focus on oxidation condition of the AlGaN surface as a possible factor determining the surface donor distributions. Structures and energies of reconstructed oxidized AlN and GaN ͑0001͒ surfaces were calculated using the Perdew-Burke-Ernzerhof functional. To obtain an accurate description of the electronic structure ͑and overcome the "band gap problem"͒ we used the Heyd-Scuseria-Ernzerhof hybrid functional; details of the calculations are reported elsewhere. 14 We investigated a large number of possible surface structures with up to two monolayers ͑MLs͒ of oxide on the surface. An analysis of the energetics allowed us to conclude that structures satisfying the "electron-counting ͑EC͒ rule" are most stable over a wide range of oxidation conditions. The EC rule, which typically governs the reconstruction of semiconductor surfaces, requires that cation dangling-bond states ͑which have energy levels high in the gap͒ be unoccupied; therefore, the structures that obey EC have no surface donor states in the upper half of the band gap. We also found, however, that a number of other structures have energies that are only slightly higher than the EC structures. Typically, the oxygen/Al͑Ga͒ ratio in these structures matches that in bulk Al 2 O 3 ͑Ga 2 O 3 ͒, which is why we label them "oxide stoichiometry" ͑OS͒ matching structures. Interestingly, these OS structures do give rise to occupied surface states in the upper half of the band gap. We suggest that because of the modest energy difference between EC and OS structures, and/or due to kinetic limitations, OS structures may form in some areas of the surface, thus giving rise to surface donor states. The areal density of these OS structures, and hence the donor states, may depend on a number of factors, including the Al composition of the AlGaN layer and the oxidation conditions. 
V. DISCUSSION
Based on our combined experimental and computational work, we propose the following model for the origin of AlGaN surface donor states. The standard device process of nitride HFETs involves an RTA process for Ohmic metal alloying. Even though this is performed in an N 2 gas atmosphere, a thin oxide layer probably forms on the surface because a small amount of oxygen is enough to form a few MLs of oxides. 15, 16 Furthermore, in case of MOCVD growth, oxidation may also happen during the sample cooling process from the growth temperature to room temperature after the growth. We suggest that these intentional or unintentional surface treatments give rise to a relatively high density of surface states. When the density of surface states is high at an energy level around the Fermi level ͑compared to the density of electrons in the 2DEG͒, a large reservoir of electrons is available on the surface, and depletion of the surface states will be a small effect when electrons are being transferred to the 2DEG with increasing d AlGaN . The Fermi level is effectively pinned at the highest occupied surface donor state and the barrier height e B will appear fixed. This may create the appearance of being consistent with a single-level donor state [2] [3] [4] but in actuality a distribution of states is present.
We performed an additional experiment to clarify oxidation effects possibly happening in RTA process. The AlGaN/ GaN single heterostructures with three different d AlGaN of 10, 17.5, and 23 nm were used for this experiment. They were grown in the same sequence on c-face sapphire substrates by 
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MOCVD and the Al composition of the AlGaN barrier was 27% for all the structures. Hall patterns were fabricated on the epitaxial structures by the same process except for contact electrode. As annealed samples, electrodes were fabricated with the normal alloyed metal ͑Ti/Al/Ni/Au͒ that was annealed at 820°C for 30 s in N 2 gas atmosphere. Hall patterns with as-deposited Al/Ni/Au electrodes were also fabricated on the same epitaxial wafer. The as-deposited metal showed relatively low contact resistance owing to the small work function of Al, which was sufficient for the Hall measurement. Note that in our experiments, the widely-used In-dot Hall measurement often showed inaccurate data probably due to its extremely high contact resistance and/or handcut unsymmetric square shape. In case of the method using In-dot contacts, the and n s fluctuated up to 20% for each pattern even on the same epitaxial wafer. On the other hand, the as-deposited Al/Ni/Au always provided consistent data with negligibly-small error of less than 2%-3%. Figure 6 shows d AlGaN dependences of n s for the annealed and nonannealed AlGaN/GaN heterostructures, which correspond to the samples with alloyed and nonalloyed electrodes, respectively. The calculated curves of n s for different e B are also plotted in Fig. 6 This scenario is also supported by x-ray photoelectron spectroscopy analysis; details will be reported elsewhere.
In the present work on the etched AlGaN surface, on the other hand, any oxides formed during RTA and/or MOCVD cool-down process are removed by RIE. The newly oxidized surface that forms after etching is, apparently, of higher quality than the one formed during the standard process, and gives rise to a lower density of surface states. To be consistent with the experiment, the surface states should have a density in the range of low 10 13 cm −2 and be spread out over an energy range of about 2 eV. The low density of these distributed states gives rise to a constant increase in e B with d AlGaN . The precise distribution of the surface states, the value of e B , and its dependence on d AlGaN are affected by the details of the mixture of surface reconstructions, which in turn may depend on a number of factors, including the Al composition of the AlGaN layer and the oxidation conditions. We suggest that this model consistently explains all experimental data. However, we of course cannot rule out additional factors such as possible effects due to Cl sticking to the AlGaN surface during the RIE process.
VI. CONCLUSION
We systematically investigated the dependence of electron density n s on AlGaN barrier thickness d AlGaN for AlGaN/ GaN heterostructures with an AlGaN surface etched by RIE. We found that the barrier height e B monotonically increases with d AlGaN . These results indicate the existence of lowdensity and distributed surface donor states. In contrast, standard HFET processing including high-temperature annealing typically results in a high density of surface donor states, which effectively pins the Fermi level leading to the appearance of a fixed barrier height. The variance in surface donor state distributions has been explained by first-principles calculations. The donor states originate from surface reconstructions that give rise to occupied states in the upper part of the band gap and are consistent with the barrier heights observed after the onset of 2DEG formation.
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